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The development of visual organs is regulated in Bilateria by a network of genes where members of the Six and Pax gene families play a
central role. To investigate the molecular aspects of eye evolution, we analyzed the structure and expression patterns of cognate members of
the Six family genes in jellyfish (Cnidaria, Hydrozoa), representatives of a basal, non-bilaterian phylum where complex lens eyes with
spherical lens, an epidermal cornea, and a retina appear for the first time in evolution.
In the jellyfish Cladonema radiatum, a species with well-developed lens eyes in the tentacle bulbs, Six1/2-Cr and Six3/6-Cr, are
expressed in the eye cup. Six4/5-Cr is mainly expressed in the manubrium, the feeding, and sex organ. All three Six genes are expressed in
different subsets of epidermal nerve cells, possibly of the RFamide type which are part of a net connecting the different eyes with each other
and the effector organs. Furthermore, expression is found in other tissues, notably in the striated muscle. During eye regeneration, expression
of Six1/2-Cr and Six3/6-Cr is upregulated, but not of Six4/5-Cr. In Podocoryne carnea, a jellyfish without eyes, Six1/2-Pc and Six3/6-Pc are
also expressed in the tentacle bulbs, Six1/2-Pc additionally in the manubrium and striated muscle, and Six3/6-Pc in the mechanosensory
nematocytes of the tentacle.
The conserved gene structure and expression patterns of all Cladonema Six genes suggest broad conservation of upstream regulatory
mechanisms in eye development.
D 2004 Elsevier Inc. All rights reserved.
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Perception of light appears to be tightly coupled to the
earliest steps in the evolution of life and is realized in all
kingdoms. The next step, the evolution of photoreceptors
and their specialized organs is achieved only in eukaryotes
but has produced a large variety of morphological structures
which stretch from the lens equipped eye spots of
unicellular organisms to the many different types of eyes
found in protostomes and deuterostomes (Arendt and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: V.Schmid@unibas.ch (V. Schmid).Wittbrodt, 2001; Land and Nilsson, 2002). The molecular
aspects of eye evolution have recently been the focus of
much work since early parts of eye development appear to
be conserved in all Bilateria (Gehring, 2002; Halder et al.,
1995; Pichaud and Desplan, 2002). The same toolbox of
transcription factors composed of homologs of the Droso-
phila sine oculis (so), twin of eyeless (toy), eyeless
(ey)[Pax6], eyes absent (eya), and dachshund (dac) orches-
trates eye development in a wide range of animals. The
synergistic and regulatory manner of this network led to the
idea of a monophyletic evolution of the eye (Gehring and
Ikeo, 1999).
Cnidaria form the closest out-group to the Bilateria
(Medina et al., 2001) and represent the most primitive
metazoans with striated muscle tissue, centralized nerve274 (2004) 70–81
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including lens eyes. This raises several important questions.
How andwhen did Cnidaria acquire these structures? Do they
originate from a common already eye bearing ancestor of
Cnidaria and Bilateria or did eyes originate independently in
Cnidaria by taking advantage of a shared common pool of
genes and by assembling the same networks and gene
cascades? Or is the basal network conserved for other reasons
(myogenic–neurogenic pathways) and co-opted for eye
formation in both lines leading to striking similar construc-
tions but embedded in different anatomy? Only the free
swimming medusa stage (Fig. 1) differentiates photoreceptor
organs which range from simple ocelli to highly evolved lens
eyes (Land and Fernald, 1992). Recently, even a planula larva
of Cubozoa was shown to have single-celled ocelli
(Nordstrfm et al., 2003). The sessile polyps of all cnidarian
classes respond to light (Tardent and Frei, 1969) but until now
no photoreceptive structures or specialized cells for light
detection have been identified, although immunoreactivity
was reported for opsin (Musio et al., 2001).Fig. 1. (A) Schematic life cycle of Cladonema radiatum. The sexually mature me
planula larva, which attaches to the substrate and transforms into a polyp. Polyps bu
base of the tentacles at the margin of the bell (arrowheads). The structure of the len
lens, in red are the photoreceptor cells, and in yellow the pigment cells. b, bell; m, m
bar is (in Am) 700 in (B), 10 in (C).We investigated structure and expression pattern of the
Six family genes in Cladonema radiatum, a hydrozoan
jellyfish with well-developed and well-studied lens eyes
(Weber, 1981a,b) and in Podocoryne carnea, a jellyfish
without eyes. The Six genes, a family of transcription factors
characterized by a six domain (SD) and a six-type
homeodomain (HD), were originally identified by homol-
ogy to the Drosophila sine oculis (so) gene, which is
required for the development of the entire Drosophila visual
system (Cheyette et al., 1994). Both domains have been
shown to be involved in DNA binding. The SD is required
for direct interaction and nuclear translocation of members
of the eyes absent (Eya) gene family (Pignoni et al., 1997).
The family can be classified into three major subgroups
designated as Six1/2, Six3/6 and Six4/5 (Seo et al., 1999).
Six genes have been identified from various animal phyla
where, besides other functions, they are mostly engaged in
eye development or derivatives of the mesoderm, including
muscle (Kawakami et al., 2000). Three different Six/so
genes are known from Drosophila, four from Caenorhab-dusa liberates gametes. The embryo develops into a free swimming ciliated
d asexually medusae. B shows an adult medusa with lens eyes located at the
s eye is displayed in C (modified after Weber, 1981a). In blue is the tripartite
anubrium (feeding and sex organ); mo, mesogloea (ECM); t, tentacle. Scale
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mammals seem to have six different members, but until now
they have not been found in Sponge, Cnidaria, or unicellular
organisms.
We isolated and analyzed three different Six genes from
Cladonema, one of each subclass and Six1/2 and Six3/6
from Podocoryne, and studied their expression in the
medusa and throughout eye regeneration in Cladonema.
The conservation of sequence structure and the expression
patterns of all three different Six genes in eye development,
myogenesis, and eye regeneration support the hypothesis of
an archetypical Six cluster (Boucher et al., 2000) which was
already functionally assembled in the last common ancestor
of Cnidaria and Bilateria. Otherwise, we would accept that
from a common pool of genes the assembly of similar
interacting networks of regulatory genes occurred repeat-
edly in metazoan evolution to give rise to a similar result
concerning the basal Bauplan of the phylum.Materials and methods
Animals
Cladonema radiatum Dujardin and Podocoryne carnea
M. Sars (Cnidaria, Hydrozoa, Anthomedusae) colonies were
reared in artificial sea water at 208C and fed every second
day with 2-day-old artemia.
Molecular cloning and phylogenetic analysis
Molecular biology procedures were performed according
to standard protocols (Sambrook and Russell, 2001). We
conducted homology PCR on medusa cDNA using the
following degenerate primers for Six1/2 and Six4/5: forward
(5V-TGG YTN RAR GCN CAY TAY-3V); nested forward
(5V-ATH TGGGAYGGNGARGAR AM-3V); reverse, (5V-
CKN CKRTTY TTR AAC CARTT-3V); nested reverse (5V-
KTY TCY TCN CCR TCC CAD AT-3V). PCR conditions
were 20 (15 s at 948C, 25 s at 378C, 1min at 728C) then 10
(15 s at 948C, 25 s at 408C, 1 min at 728C) followed by nested
PCR 40 (15 s at 948C, 25 s at 508C, 1 min at 728C).
Degenerate primers used for Six3/6: forward (5V-GCN ATG
TGG YTN GAR GCN CAY TA-3V), nested forward (5V-
TGGGAYGGNGARCARAARCANCA-3V), reverse (5V-
CAT RTT DCC WAC YTG NGT NGG-3V) nested reverse,
(5V-TGN GTY TTY TGY TCN CCR TCC CA-3V). PCR
conditions are described above. The full coding sequences
were obtained by RACE (rapid amplification of cDNA ends)
on cDNA prepared from polyadenylated RNA of medusae
and medusa budding polyps with a SMART RACE cDNA
amplification kit (Clontech) or by library screening as
described (Mu¨ller et al., 1999). The Cladonema cDNA
library was constructed with the Stratagene Zap cDNA
Synthesis Kit and Zap cDNA Gigapack III Gold Cloning Kit
and reactions were performed according to the recommen-dations of the manufacturer. Approximately 200,000 plaques
of the Cladonema Zap cDNA were screened. Sequence
analyses, Blast searches, and phylogenetic trees were
performed as described by Mu¨ller et al. (2003).
Real-time PCR expression analysis and whole mount in situ
hybridization
Real-time PCR expression analysis was done at least three
times on independent cDNA templates on the Light Cycler
(Roche) as described by Mu¨ller et al. (2003). For the
Cladonema Six genes the following primer-sets were used:
Six1/2-Cr forward (5V-CAA CCG TCA GTG GCG AAT
TTC ACG-3V) and Six1/2-Cr reverse (5V-GTC GTC GTA
ACT CGG TAA CGA CCA-3V), Six3/6-Cr forward (5V-
GAA ATC AAA AGC AGC AAA GTT TAC-3V), Six3/6-Cr
reverse (5V-CTG TGA TGT ATA TAC ACG CCC GAA G-
3V), Six4/5-Cr forward (5V-CGT GCT AAA AGC AAG
AGC TCA TGT-3V) and Six4/5-Cr reverse (5V-GCT AAC
AAT CTT TTATCT TGA GGT GTT GG-3V).
Podocoryne Six1/2-Pc and Six3/6-Pc levels of expression
were surveyed with the following primer sets: Six1/2-Pc
forward (5V-CAC TCC AGA ACA AGT CGC ATG TG-3V),
Six1/2-Pc reverse (5V-GATTTCGCGACCAAGACGGAC
TCG-3V) and Six3/6-Pc forward (5V-AGA TGA CGA TAT
ATC CGA CAG TG-3V), Six3/6-Pc reverse (5V-CCT GGT
GTG TAA AAA ACT ACC TAT-3V). Elongation factor 1
alpha (GenBank accession number for EF1a-Cr:AY542532)
was used as a reference to compensate for variations in
quality and quantity of the preparations. EF1a was
amplified from the Cladonema samples with: EF-Cr forward
(5V-AGC TGT TCC TGG AGATAATGT TGG-3V), EF-Cr
reverse (5V-GGA TGA TTT AAG ATG ATG ACC TGG-
3V), and from the Podocoryne samples with: EF-Pc forward
(5V-ACG TGG TAT GGT TGC CTC TG-3V), EF-Pc reverse
(5V-TGA TAA CGC CAA CGG CTA CG-3V).
In situ hybridization was performed as described pre-
viously (Mu¨ller et al., 2003) with minor differences. Fixation
was performed on anaesthetized pre-cooled animals (1:1 Sea
water/7% w/v MgCl26H2O for 5 min on ice) with freshly
prepared 4% Paraformaldehyde or Lavdowsky (Gro¨ger and
Schmid, 2001). Hybridization was performed at 588C. All
probes excluded the HD, and the Six3/6-Cr probe excluded
the SD. DNA templates were prepared by PCR with the
following primers for Six1/2-Cr (forward, 5V-ATG GAT
ATC GCA CCG TCG GCA TAT G-3V; reverse, 5V-CCA
TAT CGT TCT AGG TAA CGG GTA C-3V), for Six3/6-Cr
(forward, 5V-GAA ATC AAA AGC AGC AAA GTT TAC-
3V; reverse, 5V-CTG TGATGT ATATAC ACG CCC GAA
G-3V) and for Six4/5-Cr (forward, 5V-ATG AGC ATC AGT
CTT GAT ACG TC-3V; reverse, 5V-ATG GGC ATC ATG
CCA CAT AAG CTG-3V) and the DIG RNA Labeling Mix
(Roche). Podocoryne probes excluded the HD. Podocoryne
DNA templates for probe synthesis were prepared using the
following primers: for Six1/2-Pc (forward, 5V-ATG GCA
TCT TCA CAA ATC GTC CAA TC-3V; reverse, 5V-CCA
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(forward, 5V-CCT CAC ACC AAC ACTACG CAT TC-3V;
reverse, 5V-GGA CGT CCT CGTAAT CTT TCA GCC-3V).
Regenerations and dissecting experiments
Anesthetized animals were operated with ophthalmologic
scissors (Figs. 3, 4, 7) as described in Weber (1981a).
Immunohistology
Immunohistology was done as described previously
(Gro¨ger and Schmid, 2000, 2001). Specimen were incu-
bated with RFamide antiserum (rabbit antibody diluted
1:2000 in PBS, kindly provided by Dr. C.J.P. Grimmeli-
khuijzen) or with a monoclonal anti-tyrosin-tubulin anti-
body (a mouse antibody, clone TUB-1A2, Sigma; diluted
1:2500 in PBS containing 10% fetal calf serum).Fig. 2. Phylogenetic analysis of the jellyfish Six genes confirms their
classification into the three main subfamilies. The full SD and HD were
used as a basis for analysis. The phylogenetic neighbor joining tree was
calculated with ClustalX and 1000 bootstrap replicates (Jeanmougin et al.,
1998).Results and discussion
Cladonema and Podocoryne medusae are produced
asexually by budding from polyps (Fig. 1), a process which
can be viewed as a continuation of development (Spring et
al., 2000, 2002). Only medusae differentiate striated muscle
tissue and sense organs, including eyes of different
complexity (Linko, 1900). The eyes of jellyfish are always
located at the bell margin, usually at the base of the tentacles
(Figs. 1A, B), and are occasionally stalked in the Cubozoa
(Berger, 1900). Structure (Fig. 1C), development, regener-
ation process, neurobiology, and electrophysiology of the
lens eyes were studied in detail in different jellyfish species
(Mackie, 1971; Singla, 1974; Weber, 1981a,b; Yoshida,
1973). Only the ectoderm is involved in the genesis of the
ocellus. The retina is build of melanin-containing pigment
cells and of ciliary type photoreceptors. The retina and the
lens body derive from a compact cup-shaped primordium
consisting of interstitial or dedifferentiated somatic cells.
The eye is covered by a cornea that develops from intensely
vacuolated, non-pigmented cells derived from the differ-
entiating ocellus. In contrast to the depolarizing rhabdo-
meric type of photoreceptors found in protostomes, jellyfish
have hyperpolarizing cilia-derived photoreceptors as verte-
brates do (Eakin, 1963; Eakin and Westfall, 1962). Accord-
ing to Eakin’s theory (1963, 1968, 1979), the photoreceptor
cells of Cnidaria belong to the same evolutionary line as
those of vertebrates. Although Podocoryne medusae show
positive phototaxis they differentiate no recognizable eye-
like structures.
Survey of the Six genes from jellyfish
In search for jellyfish Six genes, PCR was conducted with
degenerate primers corresponding to different parts of the
homeobox. The obtained fragments were extended by RACEand by screening a cDNA library (as described in Spring et
al., 2000). This process led to the identification of three
different Six genes inCladonema which can be classified into
the three main subfamilies (Fig. 2). From Podocoryne, we
identified two different Six genes. The predicted protein
sequences are highly conserved (see Supplementary Fig.) and
sequences are available in the GenBank with the accession
numbers AY542527–AY542528 for Six1/2-Pc and Six3/6-
Pc, AY542529–AY542531 for Six1/2-Cr, Six3/6-Cr, and
Six4/5-Cr, respectively.
Cladonema Six genes
The Six1/2 subclass is defined by the presence of the
diagnostic amino acid sequence (ETSY) from positions 3 to
6 in helix 1 of the homeodomain (HD) (Seo et al., 1999).
Six1/2-Cr is a 235 amino acids protein with highly
conserved six domain (SD) and with the diagnostic motif
in the six-type homeodomain. The HD is 83% identical to
the HD of Human Six1 and Six2, 85% to the HD of
Drosophila sine oculis, and 77% identical to that of Ceh-33
from C. elegans. The sequence conservation in the SD is
69% to human and Drosophila.
The Six3/6 family is characterized by the tetrapeptide
QKTH in the HD N-terminus (Seo et al., 1999). The
Fig. 3. Six gene expression analysis of Cladonema medusa parts. (A)
Portions of the medusa are isolated by microdissection. (B) Six genes
expression levels are measured by real-time PCR. Graphs display relative
values normalized to elongation factor expression level.
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sequence conservation of the rest of the protein clearly
assigns Six3/6-Cr to the Six3/6 subfamily. Six3/6-Cr is a
protein of 327 amino acids with a sequence identity within
its HD of 88% to Human Six3 and 84% to Drosophila D-
Six3/optix. Within the SD, the Cladonema sequence is best
conserved to the Human OPTX2 or Six6 (68% identity) and
to Drosophila optix SD (64% identity). The Six3/6-Cr
shows a few short homopolymers in the C-terminus as it
was described also for the Drosophila D-Six3 (Seo et al.,
1999).
The Six4/5 family is characterized by the tetrapeptide
ETVY domain. The Six4/5 subfamily candidate gene from
Cladonema (Six4/5-Cr) has an amino acid substitution in
the tetrapeptide (ETIY) relative to the described Six4 and
Six5 families. It displays an isoleucine at position 5 in helix
1 instead of the typical valine. The gene encodes a protein of
214 amino acids with a shorter C-terminal region in
comparison to vertebrate Six4/5 members. It is not clear
whether this short C-terminal region reflects an alternative
splicing or a cnidarian specificity. When compared to the
databases (GenBank), the full-length sequence exhibits the
highest similarity to Human Six4 with 57% identity. Within
the HD sequence identity is 70% to Human and Drosophila
Six4. The SD is more divergent with sequence identities of
53–58% from insects to humans.
A phylogenetic tree was constructed from the full SD and
HD (Fig. 2). The tree is congruent with the assignment of
identities.
Podocoryne Six genes
The Podocoryne Six1/2-Pc encodes a protein of 296
amino acids containing the diagnostic amino acids in the
HD characteristic for this group. The HD is 86% identical to
that of Human and Drosophila sine oculis or Dugesia
japonica and 79% to Ceh-33 of C. elegans. The SD is 72%
identical to that of Human Six2 and Drosophila sine oculis.
Six3/6-Pc is a 290 amino acids protein that shows an
amino acid substitution in the characteristic tetrapeptide
QKTH in the HD N-terminus. At position 5 in helix 1, the
six type-homeodomain displays an alanine instead of the
described threonine (Supplementary Fig.; Seo et al., 1999).
The HD of Six3/6-Pc is 86% identical to Human Six3 and
82% identical to the HD of Drosophila optix. The SD is
73% identical to Human Six3 and 65% to Drosophila D-
Six3/optix.
Although Cladonema and Podocoryne are both hydro-
zoan Anthomedusae and group close to each other (Collins,
2002), the size of the Six genes differs considerably. The
regions outside the HD and SD are not conserved. The
comparison of Cladonema Six1/2-Cr to Podocoryne Six1/2-
Pc shows 91% identity within the SD and 98% identity
within the HD but only 65% identity when the full-length
jellyfish sequences are compared. The HD of Six3/6-Pc is
almost 97% identical to the HD of Six3/6-Cr and the SDsare 91% identical. In both species, the unique peptide
sequence CFKE adjacent to the family-specific tetrapeptide
(Seo et al., 1999) is present (see Supplementary Fig.).
Expression patterns
Expression was analyzed for both species by real-time
PCR of excised medusa parts (Figs. 3, 4), and in Cladonema
also during eye regeneration (Fig. 7). Expression patterns
were also investigated by in situ hybridization of all Six
genes for both species (Figs. 5, 6, 8). The connexion
between the eye and the nervous system was visualized by
immunohistology (Figs. 5B, C and 6H, I).
Six1/2
The real-time PCR data from Cladonema (Fig. 3) show
that the gene is expressed in the exumbrella and the
subumbrellar striated muscle layer. This is also confirmed
by in situ stainings (not shown). Very weak expression is
occasionally detected in the tentacle bulbs (Fig. 3B) where a
few radially arranged cells stain near to the lens (Figs. 5D,
E). The completeness of the radial pattern and the number of
the individually stained cells varies within the same animal
Fig. 4. Six gene expression analysis of Podocoryne medusa parts. (A)
Portions of the medusa are isolated by microdissection. (B) Gene
expression levels are measured by real-time PCR. Graphs display relative
values normalized to elongation factor expression level.
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staining cells. In cross-sections, staining cells are observed
from the surface of the cornea to the base of the eye cup
(Fig. 5E). This variation explains the weak expression
observed with real-time PCR and overcomes the non-
consistency of the two data sets (Figs. 3B, 5D, E). Staining
appears in cells arranged along the ring canal (Figs. 6A–C)
and in cells, which encircle the tentacle base and enter the
tentacle ganglion (Figs. 6D–F; Mackie, 1971). With the
exception of the staining in the eye cup, a similar pattern can
be observed for Six3/6 and Six4/5 too (not shown). The cell
shape of the stained cells resembles that of nerve cells, and
in addition, immunostainings for RFamide and tyrosin-
tubulin nerve cells clearly co-localize with the in situ
hybridization pattern (Figs. 5B, C and 6H, I). We conclude
that the Six genes stain nerve cells, possibly a subset of the
RFamide or tyrosin-tubulin-positive nerve cells. A nerve
cord along the ring canal connecting the eyes has been
described to fulfill central information processing functions
(Anderson and Mackie, 1977) as jellyfish lack any brain-
like structure. The described Six gene expression pattern has
some similarity with the observation of Pineda and Salo´
(2002) who report the presence of GtSix3 in brain branches
of planarians.
In comparison to Bilateria the Cladonema Six1/2-Cr
gene appears structurally and functionally conserved. It is
involved in both, the myogenic/mesodermal (striated
muscle) and the neurogenic line (nerve, eye). In this latter
role, it correlates with Drosophila sine oculis (Cheyette et
al., 1994) and planarian Gtso (Pineda et al., 2000).Expression in the muscle layers in both jellyfish species is
also similar to the non-neural expression of Six1 and Six2 of
mouse (Ohto et al., 1999; Oliver et al., 1995) and Xenopus
(Ghanbari et al., 2001) where the genes are expressed in
head mesenchyme, somites, and limb mesenchyme.
In comparison to Six1/2-Cr, the real-time PCR expres-
sion data of Podocoryne Six1/2-Pc reveal a strong presence
of this message in tentacle bulbs, the manubrium, and some
message is in the striated muscle (Fig. 4B). The in situ
stainings (Fig. 6J) do not specify a distinct cell type in this
tissue. Diffuse staining is seen in the endodermal and
ectodermal part of the bulb where intensive cell proliferation
occurs and where all cell types for the tentacles differentiate,
mostly nematocytes and nerve cells (Tardent, 1978).
Six3/6
The gene is strongly expressed in the tentacle bulbs in
both species (Figs. 3B, 4B). In Cladonema tentacle bulbs,
very strong staining is restricted to the eye cup but also
includes the adjacent corneal tissues (Figs. 5F, G) and in
addition the striated muscle, the manubrium and the
tentacles (Fig. 3B). In Podocoryne, the tentacle bulbs’
staining is similar to that of Six1/2-Pc (Fig. 6K). Expression
is also detected in the tentacle (Fig. 4B) where nematocytes
seem to stain (Fig. 6L). In vertebrates, the Six3/6 homolog
is responsible for eye development, whereas in planarians,
this role is fulfilled by Six1/2 (Pineda and Salo´, 2002;
Pineda et al., 2000). Drosophila sine oculis (Six1/2
subclass) can induce ectopic compound eyes only in
cooperation with eya dependent on ey activity whereas
optix/D-Six3 has been shown to induce ectopic eyes by an
ey independent mechanism (Seimiya and Gehring, 2000).
The murine ectopic expression of Six3 promotes the
formation of ectopic optic vesicle-like structures (Lagutin
et al., 2001) and an increase in eye size and expansion of the
retina territory could have been observed in Xenopus
embryos after ectopic XOptx2/Six6 expression (Zuber et
al., 1999).
Six4/5
Six4/5-Cr is mainly expressed in tentacles and the
manubrium (Fig. 3B) where young oocytes stain (Fig.
6G). Staining is absent in the eye cup (Figs. 3B, 5H, I).
Some scattered cells stain in the tentacle bulbs and along the
ring canal as seen for the other Six genes (Figs. 6A–F).
Isolation of the corresponding Podocoryne gene was not
successful. We therefore cannot exclude the possibility that
this gene might have been secondarily lost in Podocoryne.
From Drosophila, it has been postulated that D-Six4 is
involved in cell recognition events required for myoblast
fusion and for the formation of the precursor of follicle cells
(Kirby et al., 2001). Jellyfish-striated muscle is mono-
nucleated and therefore the expression pattern observed in
Drosophila for myoblast fusion invalid for comparison.
However, the correlation in expression in the gonads is
astonishing, especially since Cnidaria appear to have no
Fig. 5. Expression analysis and immunohistology of Cladonema eyes. (A) Cross-section of an eye displays the intrinsic retina coloring (compare Fig. 1C).
RFamide (B) and tyrosine-tubulin (C) positive staining cells in the eye cup. In situ hybridization with antisense RNA probes for Six1/2-Cr (D, E), Six3/6-Cr (F,
G), and Six4/5-Cr (H, I). Top view on tentacle bulb displays radial arranged cells (D, arrowheads) around the lens expressing the Six1/2-Cr message,
corresponding to the paraffin section (E, section is outside of the lens body). Six3/6-Cr stains the entire corneal part of the eye (F, cross-section in G). Arrows
point to the margin of the cornea (F). No staining of Six4/5-Cr is present in the eye (H, I). ef, ECM-fiber; l, lens; mo, mesogloea (ECM); nf, nerve-fibers; n, cell
body of RFamide positive nerve cell; p, pigment cell; rt, retina; scale bar is (in Am) 20 in (A), 30 in (B), 20 in (C), 100 in (D, F, H), and 25 in (E, G, I ).
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layers (Bouillon, 1994; Schmid et al., 1982).
Regeneration of eyes in Cladonema
In contrast to the short lived Podocoryne medusae,
Cladonema can live and grow considerably for many
months (Fig. 1). During this growth period, the eyes
enlarge correspondingly. It has been shown that Cladonema
medusa can easily regenerate entire eyes (Weber, 1981a).
To initiate eye regeneration, the whole ocellus has to be
sucked off with a glass capillary, as partial excision would
lead only to a wound healing response (Weber, 1981a).
Ectodermal cells surrounding the edges of the wound start
to move and close the wound. Five minutes afterextirpation, the hole is closed. The damaged mesogloea
(ECM) to which the eye cells adhere (Fig. 1C) is repaired 6
h after the operation and 24 h after extirpation the cornea
starts to form. By the same time, about 1 day after
extirpation, a few presumptive sensory cells can be
identified ultrastructurally (Weber, 1981a,b). Pigment and
sensory cells differentiate 3 to 6 days after the operation and
the lens body starts to form, and 10 to 15 days post-
operation the eye is re-established. The Cladonema lens can
regenerate from the pigment cells by transdifferentiation
(Weber, 1981a) as is reported to occur also during lens
regeneration in amphibia (reviewed in Kodama and Eguchi,
1995; Okada, 1991).
We used Cladonema to further investigate the expression
pattern of Six genes in eye regeneration. The entire eye area
Fig. 6. Expression analysis and immunohistology in Cladonema (A–I) and Podocoryne (J–L). In situ hybridization experiments reveal the correlation of Six1/
2-Cr expression (A–F) to a subset of RFamide-positive nerve cells (H, I). Bottom view of medusa (A) and tentacle bulb area (B, C) displays the staining along
the ring canal. Cross-section of a tentacle bulb (D). Arrows point to the expression at the rim (D). In tangential sections of the ring canal (E) and of the rim (F)
cells of nerve cell appearance are stained. Young oocytes in the manubrium express Six4/5-Cr (arrowheads, G). RFamide-positive nerve cells accumulate at the
tip of the manubrium, along the ring canal (H) and encircle the tentacle base (H, arrow in I). Arrow points to the accumulation of nerves in the rim (I) at the
tentacle base which corresponds to arrows in (D). In situ hybridization with antisense RNA probes for Six1/2-Pc (J) and Six3/6-Pc (K, L). Diffuse staining for
both genes was found in the tentacle bulbs (J, K). Six3/6-Pc is also expressed in potential nematoctyes of tentacles (arrows in K, four aligned tentacles). ma,
manubrium; rc, ring canal; n, nerve cell; ml, manubrium lips; t, tentacle; tb, tentacle bulb. Scale bar is (in Am) 280 in (A), 55 in (B), 40 in (C), 50 in (D), 20 in
(E, F), 100 in (G), 195 in (H), 70 in (I), 190 in (J), 26 in (K), and 160 in (L).
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different time intervals and investigated by real-time PCR
(Fig. 7A). After 14 days, the expression values are back to
the level measured in the non-regenerating intact eye bulb,
used as a control (Fig. 7B). Six1/2-Cr is strongly up-
regulated during eye regeneration and reaches its maximum
values 1 week after the eye has been removed showing that
it is involved in eye regeneration but not in eye maintenance
(Fig. 3B). The up-regulation of the Six1/2-Cr expressionprecedes the Six3/6-Cr expression for at least 1 day. This
time shift of the Six gene expression during eye regeneration
could indicate that Six1/2-Cr is needed for structural
different functions than Six3/6-Cr and/or that Six1/2-Cr is
hierarchically situated above Six3/6-Cr in a possible genetic
network. It should be noted that 15 min after eye removal
almost no Six3/6-Cr message could be detected. This
observation suggests a restriction of Six3/6-Cr expression
to the eye tissue. The results demonstrate convincingly that
Fig. 7. Real-time PCR expression of Six genes during eye regeneration. (A)
Eyes are removed from the tentacle bulb using a glass capillary. At different
time points, tentacle bulbs are excised from the medusa for RNA extraction.
(B) Six1/2-Cr, Six3/6-Cr, and Six4/5-Cr levels of expression are evaluated
by real-time PCR and presented relative to the normalizing value of
elongation factor. Control corresponds to the gene expression in the intact
tentacle bulb. Six4/5-Cr expression was not detected in the eye regeneration
process (data not shown). After 14 days, the eye was completely
regenerated (Weber, 1981a,b).
M. Stierwald et al. / Developmental Biology 274 (2004) 70–8178both Six1/2-Cr and Six3/6-Cr are involved in the formation
of the new eye (Fig. 7B), whereas no expression of Six4/5-
Cr was observed during the entire regeneration process (not
shown).
In situ hybridization at different time points of eye
regeneration (Fig. 8) strongly supports our real-time PCR
data. No or only a very slight staining results 2 to 3 days
after eye removal for Six1/2-Cr and Six3/6-Cr (Figs. 8A, D).
Five to 6 days after extirpation, when pigment and sensory
cells as well as a new lens body have begun to differentiate
(Weber, 1981a), staining of both genes appears in the entire
eye field (Figs. 8B, E). Remarkably, neither gene is
expressed in the regenerating lens. The prominent staining
pattern of Six1/2-Cr in the regenerating eye lasts until the
full lens body is formed (Fig. 8C) and appears 8 to 10 days
of regeneration even more diffuse compared to the fully
differentiated eye (Figs. 5D, 8C). Nerve cells scattered on
the whole tentacle bulb stain positive for Six1/2-Cr (Fig.8C). At the same time point of eye regeneration, the
message of Six3/6-Cr is localized more concentrated around
the lens than it is in the fully regenerated or normal eye
(Figs. 5G, 8D).
Six genes in the evolutionary context
It has become evident that a good part of the evolution of
animal diversity was not accomplished by the invention of
new genes de novo, but largely by duplication and
subsequent modification of existing genes (Meyer and
Schartl, 1999; Suga et al., 1999) and remodeling and
redeploying of already existing genetic networks (Peterson
and Davidson, 2000). Therefore, the question is how and
when these basic developmental networks were formed,
only once for all phyla, or repeatedly when the evolutionary
conditions were favorable. Furthermore and tightly con-
nected to this question, we have to ask what mechanisms
favored the assembly of the genetic networks found in the
genetic toolbox of the hypothetical common ancestor. Since
up to now no fossils exist from this early precambrian times,
only analysis of molecular developmental genetics in boldQ
extant phyla appear promising. In this context, Cnidaria as
representatives of an old bilaterian out-group, exhibit
diversity in life stages ranging from simple structured
sessile polyp forms to the highly motile and differentiated
medusa stage.
Our data demonstrate that Cnidaria have at least one
member of each of the three Six family subclasses.
Therefore, the family of Six genes arose before the
Urbilateria and the Cnidaria separated, but after the first
big wave of gene duplications occurred, predating the
Parazoa and Eumetazoa split some 980 million years ago
(Miyata and Suga, 2001). We regard it as likely that after the
first round of duplications and the separation of the Parazoa
(Suga et al., 1999), sufficient genomic material was
available to gradually select new developmental structures
and the corresponding networks of regulatory genes. The
product of this process was assumingly a non-sessile
organism which had invented a muscle contraction-based
locomotion (Mu¨ller et al., 2003; Spring et al., 2002),
invented a gut system and consequently knew predation
on fellow organisms other than prokaryotes. It had evolved
an anterior–posterior body axis (Yanze et al., 2001) and an
anteriorized nervous system (Gro¨ger and Schmid, 2001)
which was used to control sensory input and directed
locomotion. Since sexual development predated metazoan
evolution, the putative non-sessile organism was likely of
direct development (Wolpert, 1999). This hypothetical
organism could be the source of a possible zootype (Slack
et al., 1993). When the history of earth offered new niches,
these basic cassettes of developmental genes were available
as functional networks and could be co-opted (Davidson,
2001) to further add and refine developmental patterns and
anatomical structures thus providing the base for the rapid
evolution of the different phyla (Miyata and Suga, 2001).
Fig. 8. Expression analysis during eye regeneration in Cladonema. In situ hybridization with antisense RNA probes for Six1/2-Cr (A, B, C) and Six3/6-Cr (D,
E, F). No staining is detected 3 days after eye removal (A). Arrowhead points to area of eye regeneration (A). Strong staining is present at days 5 and 6 of
regeneration (B) except where the lens body forms (arrow in B). C displays the expression 8–10 days post surgery. Slight staining of Six3/6-Cr was found 3
days after eye extirpation (D). Arrowhead points to area of eye regeneration (D). Expression is displayed 5–6 (E) and 8–10 days (F) after eye removal. Arrow
(E) points to the site of future lens body formation. l, lens. Scale bar is (in Am) 150 in (A), 120 in (B, C, D), 105 in (E, F).
M. Stierwald et al. / Developmental Biology 274 (2004) 70–81 79We believe that the Cnidaria share with Bilateria a good part
of this process. Cnidaria already have a representative of
each subclass of the Six family genes and they use them
correspondingly to Bilateria to differentiate eyes and
mesodermal derivatives like muscle. It is noteworthy that
the dual role of jellyfish Six1/2 and Six3/6 in eye formation
and differentiation of mesodermal elements appears to be
conserved through such long time in evolution. This is also
the case for the Six4/5 which in Drosophila is expressed in
the gonads and in Cladonema in the manubrium which
differentiates the gametes (Bouillon, 1994; Bra¨ndle, 1971).
Heanue et al. (1999) showed that the genetic network
of Pax, Dach, Eya, and Six genes has been used not only
for eye development but also for myogenesis. The
myogenic network includes gene family members that
are not directly homologous to those used for eye
development, for example, Pax3 instead of Pax6. These
functional connections between the neurogenic/sensory
and myogenic pathways in the Six and Pax family
indicate that muscle and nerve arose from the same
genetic network which participated in the evolution of the
protomyocytes (Mackie, 1990). Jellyfish appear to have
conserved this ancestral situation, Pax genes are myogenic
and neurogenic (not published) and the medusa cognate of
the neurogenic bHLH gene Atonal-like 1 has functions in
both developmental lines (Seipel et al., 2004). Jellyfish
Six1/2 and Six3/6 are involved in eye formation, as they
are in Drosophila sine oculis and D-Six3/optix (Cheyette
et al., 1994; Seimiya and Gehring, 2000), whereas in
vertebrates, it is only the Six3/6 gene (Lagutin et al.,
2001; Loosli et al., 1999). Remarkably, Six1/2 and Six3/6
are expressed in Podocoyne in the same tissue where in
Cladonema eyes differentiate but where expression is
restricted to the eye area. Additionally, our data suggestthat Six3/6-Pc could be used to differentiate nematocytes,
a cell type with mechano-sensory function (Galliot et al.,
in press). In the context of the above formulated
hypothesis, we assume that Podocoryne once had eyes
but lost them, maybe due to the identified mutation in the
homeodomain (Supplementary Fig.).Conclusions
Although we do not know yet the full interacting
regulatory network of eye determinating genes for jellyfish
the high degree of Six gene conservation in structure and
function and the observations on the molecular control of
muscle formation by bilaterian-like gene cascades (Mu¨ller et
al., 2003; Spring et al., 2002) suggest that these networks
assembled before the ancestor of jellyfish split from the
bilaterian line. Our data do not contradict the hypothesis that
the upstream network of genes regulating eye formation is
monophyletic. We conclude that the last common ancestor
of Cnidaria and Bilateria was not a primitive diploblast
planuloid type (Holland, 2000) but a motile organism of
considerable complexity in body organization. Otherwise,
we would opt for repeated evolution of these networks of
developmental genes, a possibility which is difficult to
imagine given the complexity of problems to be solved
when an early metazoan gradually evolved into the zootype.Acknowledgments
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